Carbon monoxide, a toxic gas, is produced from incomplete combustion of fuel, e.g., gasoline and natural gas, and the amperometric CO sensor is one of the commonly used sensors. One of the common electrodes for this type of sensors is catalytic Pt on a Nafion membrane. The Pt electrode modified with Sn was studied to improve the sensitivity of CO. In the present study, the sensitivity of CO on a Sn-modified Pt/Nafion assembly was 5.5 times larger than that on a Pt/Nafion assembly in the concentration range 0-400 ppm. With a Pt W /Nafion/Pt C assembly, the CO sensing current on a Sn-modified electrode was also about three times larger than that on a nonmodified electrode in the concentration range 0-100 ppm. Carbon monoxide ͑CO͒ is a major atmosphere pollutant, mainly resulting from combustion of fuel in vehicles and power plants. 1 Carbon monoxide is a toxic chemical which is harmful to human health. Because of environmental and safety concerns, governments have established laws and regulations to enforce air pollution control for chemicals, including carbon monoxide.
and amperometry. 5 The voltammetric sensors obey the Nernst equation, in which the logarithm of CO concentration has a linear relationship with output voltage. In the amperometric sensors, the sensing current is proportional to CO concentration, and their resolution is generally better than voltammetric sensors. In this report, an amperometric sensor was chosen to detect the concentration of CO.
In general, amperometric CO sensors use a noble metal, e.g., gold, platinum, or palladium [5] [6] [7] as the working electrode. In some sensors, porous catalytic platinum is coated on Nafion, which works as a solid electrolyte. This type of sensor is similar to proton exchange membrane fuel cells ͑PEMFCs͒. 8 CO poisoning has been a critical issue for the fuel cells with platinum electrodes. To avoid the adsorption of CO on the platinum surface, many researchers on fuel cells have attempted to increase CO oxidation current by introducing a second or third metal, such as Sn, [9] [10] [11] Ru, [11] [12] [13] [14] and Au. 15 In the reaction mechanism, CO was proposed to be adsorbed on platinum in two types: 16, 17 (i) linear type with each CO molecule adsorbed on a single Pt atom, and (ii) bridge type with each CO molecule adsorbed over two Pt atoms. It was believed that CO was adsorbed on Pt sites and the species containing oxygen, which would combine with CO to form CO 2 product, was adsorbed on the second metal. 9 , 12 Morimoto and Yeager found that Ru and Sn promoted the adsorption at more positive potential and less positive potential, respectively, and both cases increased the overall reaction. 18 Therefore, addition of a second metal into Pt electrode was expected to increase the sensitivity of CO sensors. In this report, Sn was chosen to modify the Pt electrode for this purpose.
Experimental
Four types of sensing assemblies in this research were fabricated:
Pt/Nafion assembly.-Platinum catalyst was deposited on a Nafion 117 membrane (3.5 ϫ 3.5 cm 2 from DuPont͒ to form a Pt /Nafion assembly by the impregnation-reduction method. 19 A solution of 0.02 M Pt(NH 3 ) 4 Cl 2 ͑Aldrich͒ was first put on one side of the Nafion membrane at 40°C for 2 h to allow Pt͑II͒ ions to permeate the membrane. After impregnation, the Nafion membrane was rinsed with deionized water several times. A solution of 0.02 M NaBH 4 ͑Ferak͒ was then placed in contact with the Nafion membrane on the side of impregnation with Pt(NH 3 ) 4 Cl 2 . The Pt catalyst was reduced on the Nafion membrane surface by NaBH 4 at 40°C for 0.5 h. The platinum electrode was 2.6 cm diam and the geometric surface area was 5.31 cm 2 .
Pt W /Na f ion/ Pt C assembly.-The Pt catalyst was alternately deposited on both sides of Nafion by the same method as for the Pt/Nafion assembly. The first deposited Pt film was used as the working electrode, Pt W , and that on the other side was the counter electrode, Pt C . The geometric surface areas of both Pt W and Pt C were 5.31 cm 2 .
Sn/Pt/Nafion assembly.-A Pt/Nafion assembly was modified by tin deposition. Tin was deposited electrochemically at Ϫ0.5 V ͑vs. Post-treatment of assemblies.-After fabrication, Pt/Nafion and Pt W /Nafion/Pt C assemblies were soaked in 1 N H 2 SO 4 for 2 h and then in deionized water for 30 min. However, Sn/Pt W /Nafion and Sn/Pt W /Nafion/Pt C assemblies were cleaned ultrasonically in deionized water for 30 min. All the post-treated assemblies were stored in deionized water.
Sensing of carbon monoxide.-The electrochemical measurements of CO sensing behaviors with four different assemblies were carried out with two different types of glass-sensing apparatus. For the Pt/Nafion and Sn/Pt/Nafion assemblies, the working electrode ͑E͒ was placed on the side of the sensing chamber ͑F͒ into which the sensing gas flowed, as shown in Fig. 1 . The sensing gas flowed through an inner tube, 3.5 mm o.d. and onto the working electrode. On the other side of the membrane was the electrolyte chamber ͑A͒ accommodating 0.5 M H 2 SO 4 electrolyte. The length and i.d. of these two chambers were 5 and 2 cm, respectively. A Pt wire ͑H͒ and a Ag/AgCl electrode ͑I͒ acted as the counter and the reference electrodes, respectively.
For the Pt W /Nafion/Pt C and Sn/Pt W /Nafion/Pt C assemblies ͑D͒, the installation was similar to that shown in Fig. 1 . But a stream of N 2 ͑99.9%, SanFu Co., Taiwan͒ flowed into chamber ͑A͒ which had counter electrode Pt C on the Nafion membrane. No reference electrode was used. Before the experiment, N 2 with saturated humidity was introduced into the sensing chamber and the Pt C chamber at 100 mL/min for 6 h to make sure that the water content in the presoaked Nafion membrane in the assemblies had reached equilibrium.
The sensing current at any specified potential was the measured current with CO in N 2 subtracted by the background current with N 2 . All the currents were collected at steady states. The desired concentrations of CO were prepared with 100 or 1000 ppm carbon monoxide in nitrogen ͑SanFu Co., Taiwan͒.
Instrumentation.-The electrochemical experiments were carried out with a potentiostat/galvanostat ͑EG&G PAR model 273-A͒. A scanning electron microscope ͑SEM, Jeol JSM-35͒, accompanied with an energy-dispersive spectrometer ͑EDS, Links AN 10000/ 858͒, was used for morphological observation and elemental analysis of the electrode. The Pt loading on the electrode was dissolved in aqua regia and was determined with an atomic absorption spectrometer ͑AAS, Hitachi Z-6100͒.
Results and Discussion
Sensing on Pt /Nafion assembly.-The thickness of Pt catalyst layer in the Pt/Nafion assembly was about 15 m, based on the SEM photomicrograph and Pt mapping image of EDS, as shown in Fig. 2a and b , respectively. The loading of Pt determined by an AAS was 1.39 mg/cm 2 . Figure 3 shows the cyclic voltammograms ͑CVs͒ with a Pt/Nafion assembly at a scanning rate of 50 mV/s in 0.5 M H 2 SO 4 . Over the Pt electrode were 100 mL/min of gases, containing N 2 ͑ ͒ and 1000 ppm CO ͑ ͒. The charge for hydrogen oxidation on the Pt electrode in N 2 was 70.1 mC, calculated from the oxidation peak area between Ϫ0.1 and 0.2 V ͑vs. Ag/AgCl͒. Based on the conversion factor of 210 C/cm 2 , 20 the area ratio of electrochemically active surface to geometry surface of Pt was estimated to be 63. When the potential was scanned in the positive direction in N 2 , platinum started to oxidize at 0.7 V ͑Ag/AgCl͒ and became fully oxidized beyond 1.0 V ͑Ag/AgCl͒. Oxygen evolved at potentials more positive than 1.4 V ͑Ag/AgCl͒. A significant peak for CO electro-oxidation was observed in the potential range 0.65-1.0 V ͑vs. Ag/AgCl͒, with a maximum current located in 0.7-0.8 ͑Ag/Ag/Cl͒. Platinum became insensitive to CO due to oxide formation when the potential was more positive than 1.0 V ͑vs. Ag/AgCl͒. The potential range suitable for CO sensing was about the potential range of Pt partial oxidation.
A polarization curve with the Pt/Nafion assembly in 1000 ppm CO is shown in Fig. 4 . The sensing current ͑ ͒ on the Pt/Nafion assembly had the largest value, about 120 A in the range 0.7-0.8 V ͑vs. Ag/AgCl͒, consistent with the results in Fig. 3 . The corresponding background current was less than 20 A, as listed in Table I , which shows the background current for various potentials with two types of assemblies. The sensing current became smaller when the potential was more positive than 0.8 V ͑vs. Ag/AgCl͒. This phenomenon was due to platinum oxidation, as also observed in Fig. 3 . At more positive potential more platinum oxide was produced, and less active Pt catalyst was left, so a smaller sensing current was observed.
At 100 mL/min flow rate and 0.8 V potential ͑vs. Ag/AgCl͒, the dependence of sensing current on the concentration of CO for the Pt/Nafion assembly is shown as curve ͑a͒ in Fig. 5 . The sensitivity, i.e., the slope of the curve, of the Pt/Nafion assembly is 0.117 Ϯ 0.002 A/ppm CO. Sensing on Sn/Pt/Nafion assembly.-Tin was electrodeposited on a platinum catalyst surface at Ϫ0.5 V ͑vs. Ag/AgCl͒ for 20 min. From EDS analysis, the atomic ratio of Pt to Sn on the electrode was found to be 96:4. It is noticed that the accuracy with EDS is low at this range of atomic ratio. However, because the EDS data was collected from the film as deep as about 1 m, this analysis still indicated that a significant amount of Sn was deposited on the Pt electrode.
The CVs of the Pt/Nafion assembly with and without tin modification were compared, as shown in Fig. 6 . From curves ͑a͒ and ͑b͒ for Pt/Nafion and Sn/Pt/Nafion assemblies, respectively, when the potential was scanned in the positive direction, Sn and Pt were oxidized at potentials more positive than 0.35 and 0.7 V ͑vs. Ag/AgCl͒, respectively. Only one reduction peak appeared in the range 0.3-0.8 V ͑vs. Ag/AgCl͒ for both Pt and Sn-modified Pt electrodes. The electrode with tin modification had wider potential and larger current than that without modification due to tin reduction. From curves ͑b͒ and ͑c͒ for Sn/Pt/Nafion assembly without and with 1000 ppm CO, respectively, a significant oxidation peak appeared in the potential range 0.4-0.65 V ͑vs. Ag/AgCl͒. The major oxidation peak of CO with Sn/Pt/nafion assembly shifted more negatively by 0.25 V from that with Pt/Nafion assembly in Fig. 3 . When the oxidation current in curve ͑b͒ was subtracted from that in curve ͑c͒, the relationship of net CO oxidation current and potential is depicted as an insert in Fig. 6 . The potentials for oxidation of CO could be divided into two ranges: 0.4-0.65 V and 0.65-0.9 V ͑vs. Ag/AgCl͒. The latter potential range was consistent with that on the electrode without tin modification, as shown in Fig. 3 . Sobkowski and Czerwinski 21 found that CO was oxidized at the less potential range via bridge adsorption and at the more positive potential range via more strongly bound linear adsorption. Morimoto and Yeager 18 also found that tin on platinum enhanced the oxidization of CO via bridgeadsorption effectively. However, the enhancement via linear adsorp- . CVs for Pt/Nafion and Sn/Pt W /Nafion assemblies: ͑a͒ Pt/Nafion in N 2 , ͑b͒ Sn/Pt/Nafion in N 2 , ͑c͒ Sn/Pt/Nafion in 1000 ppm CO. ͑Inset͒ The current difference between ͑b͒ and ͑c͒ in the positive scan. Scan rate 50 mV/s. tion was not very effective. After tin modification, the bridgeadsorbed CO was oxidized more easily and gave larger current than linear-adsorbed CO. Therefore, the oxidation peaks of 0.4-0.65 and 0.65-0.9 V ͑vs. Ag/AgCl͒ in this report corresponded to the oxidation via bridge and linear adsorption, respectively. Since Sn promoted the oxidation of bridge-adsorbed CO on Pt, a tin-modified Pt electrode would be expected to give higher sensitivity to CO via bridge adsorption at a less positive potential than a nonmodified Pt electrode.
The polarization curve of the Sn/Pt/Nafion assembly in 1000 ppm CO is also shown in Fig. 4 ͑ ͒. The addition of Sn onto the Pt electrode increased the oxidation current at less positive potential ͑via bridge-type adsorption͒ much more than that at more positive potential ͑via linear-type adsorption͒. The maximum sensing current, 406 A, was observed at 0.5 V ͑vs. Ag/AgCl͒ with a background current Ϫ90.2 A, as listed in Table I . This potential was less positive by 0.25 V than that on nonmodified Pt/Nafion assembly and was consistent with that from the CV analysis.
The dependence of sensing current on the concentration of CO on a Sn/Pt/Nafion assembly at 0.5 V ͑vs. Ag/AgCl͒ can be divided into two regions, as shown in curve ͑b͒ in Fig. 5 . From the discussion in the last two paragraphs, the electro-oxidation of CO was via bridge-type adsorption, compared to that via linear-type adsorption on a Pt/Nafion assembly at 0.8 V ͑vs. Ag/AgCl͒ in curve ͑a͒. The sensitivities were 0.67 Ϯ 0.03 and 0.23 Ϯ 0.02 A/ppm CO for low concentration ͑0-400 ppm CO͒ and high concentration ͑400-1000 ppm CO͒, respectively, compared with 0.117 Ϯ 0.002 A/ppm CO without tin modification. The sensitivity in the high-concentration range was about twice that on the Pt/Nafion assembly. However, in the low-concentration range, the sensitivity was 5.5 times that with tin modification. One of the possible reasons was that at low concentration the adsorbed CO occupied too few active sites and could be reacted much more freely than the closely adsorbed CO at high concentration. The coverage of tin on platinum surface might determine the critical concentration.
Sensing on Pt W /Na f ion/ Pt C and Sn/ Pt W /Na f ion/ Pt C assemblies.-For the assemblies with working and counter electrodes fabricated on two sides of a Nafion membrane, no reference electrode was used. The thickness of Pt C electrodes was found to be about 3 m according to SEM photomicrograph and EDS mapping, as shown in Fig. 2c and d , respectively. The polarization curves of the Pt W /Nafion/Pt C and Sn/Pt W /Nafion/Pt C assemblies in 100 ppm CO are shown in Fig. 7 . Apparently, the sensing current with tin modification was larger than that without tin modification at any potential. The potential for the largest current with Pt W /Nafion/Pt C assembly was 0 V ͑vs. Pt C ), i.e., there was no potential difference between two electrodes. However, the Sn/Pt W /Nafion/Pt C assembly had the largest current in a rather wide potential range of Ϫ0.15 to 0.0 V ͑vs. Pt C ). At the potential of 0 V ͑vs. Pt C ), the sensitivity of Pt W /Nafion/Pt C assembly in the range of 0-100 ppm CO was 0.14 Ϯ 0.01 A/ppm CO, as shown by the solid curve in Fig. 8 . However, at Ϫ0.05 V with Sn/Pt W /Nafion/Pt C assembly, the sensitivity was 0.38 Ϯ 0.01 A/ppm CO, as shown by the dashed curve in Fig.  8 , about three times that with the Pt W /Nafion/Pt C electrode. Thus, the addition of tin into a platinum electrode increased its sensitivity to CO with a wider suitable sensing potential range.
Conclusions
A tin-modified platinum electrode for amperometric CO sensing has been developed. In this research, the tin-modified Pt electrode was found to promote the electro-oxidation of carbon monoxide at less positive potential, i.e., the potential of maximum current of Sn/Pt/Nafion assembly was 0.5 V ͑vs. Ag/AgCl͒, compared with 0.8 V ͑Ag/AgCl͒ for Pt/Nafion assembly. For a single Pt catalyst electrode system, the Sn/Pt/Nafion assembly had a higher sensitivity for CO sensing than the nonmodified Pt/Nafion assembly. The sensitivity of the Sn/Pt/Nafion assembly was 0.67 A/ppm CO, about 5.5 times that of the Pt/Nafion assembly ͑0.117 A/ppm CO͒ in the range of 0-400 ppm CO. The increase in sensitivity is believed to be due to the oxidation mechanism shift from linear adsorption to bridge adsorption. At the double Pt catalyst assembly without contacting electrolyte reservoir, the addition of tin onto the platinum electrode gave higher sensitivity. The sensitivity of Sn/Pt W /Nafion/Pt C was 0.38 A/ppm CO, about two times that on the Pt W /Nafion/Pt C electrode ͑0.14 A/ppm CO͒. Furthermore, the operating potential was more negative at the tin-modified electrode with a wider applicable potential range. According to the results, the addition of a second metal onto the Pt electrode is worthy of consideration for other sensing properties.
